Abstract Despite improvements in treatment strategies, colorectal cancer (CRC) still has high mortality rates. Most CRCs develop from adenopolyps via the adenoma-carcinoma sequence. A mechanism for inhibition of this sequence in individuals with a high risk of developing CRC is urgently needed. Differential studies of mitochondrial (mt) gene expressions in the progressive stages of CRC with villous architecture are warranted to reveal early risk assessments and new targets for chemoprevention of the disease. In the present study, reverse transcription-quantitative PCR (RTqPCR) was used to determine the relative amount of the transcripts of six mt genes [MT-RNR1, MT-ND1, MT-COI, MT-ATP6, MT-ND6, and MT-CYB (region 648-15887)] which are involved in the normal metabolism of mitochondria. A total of 42 pairs of tissue samples obtained from colorectal adenopolyps, adenocarcinomas, and their corresponding adjacent normal tissues were examined. Additionally, electron transport chain (ETC), complexes I (NADH: ubiquinone oxidoreductase) and III (CoQH2-cytochrome C reductase), and carbonyl protein group contents were analyzed. Results indicate that there were differential expressions of the six mt genes and elevated carbonyl protein contents among the colorectal adenopolyps compared to their paired adjacent normal tissues (p < 0.05). The levels of complexes I and III were higher in tumor tissues relative to adjacent normal tissues. Noticeably, the expression of MT-COI was overexpressed in late colorectal carcinomas among all studied transcripts. Our data suggest that increased expressions in certain mt genes and elevated levels of ROS may potentially play a critical role in the colorectal tumors evolving from adenopolyps to malignant lesions.
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Introduction
Despite advances in detection of colorectal cancer (CRC), it remains the third leading cause of cancer-related deaths in both men and women in the USA [1, 2] . Survival rates are related to the stage of cancer at the time of diagnosis [3] . Colorectal tumors represent a wide spectrum of neoplasms, mostly of epithelial origin, and 97 % of CRCs are adenocarcinomas originating from benign lesions of adenomatous polyps (adenopolyps) [4, 5] . Several lines of evidence suggest that this disease is a result of multiple mutations in tumor suppressor genes (P53, APC) and oncogene (K-ras) that are involved in regulation of cell growth [2, 6, 7] . Mitochondrial DNA (mtDNA) mutations have been associated with development and progression of cancers [6, [8] [9] [10] . The higher mutation rates for mtDNA relative to nuclear DNA have been attributed to the production of reactive oxygen species (ROS) during oxidative phosphorylation [11] . A recent study observed higher carbonyl protein group content, a characteristic of oxidative stress, in the progression of serous ovarian carcinoma tumors [12] . Given these associations, mt genes and elevated ROS production have been proposed as targets for early diagnosis and intervention for therapeutic treatments for certain cancers [9, 10, 12] . A past study found alterations in the expression of mitochondrial-encoded respiratory chain subunits among patient tissue samples obtained from both primary CRC and malignant familial adenomatous polyposis (FAP) coli syndrome [13] . In that study, levels of ND2 messenger RNA (mRNA) were elevated in the CRC metastatic tissues when compared to normal tissues from the same individuals [13] . Moreover, the expression of the β-subunit of F 1 -ATPase (required for mitochondrial ATP synthesis) has been found to decrease in malignant tissues [14] , and overexpressions of 16S/RNR2, ND4, ND4L, CYB, COII, ATP6, and ATP8 have been reported in colorectal adenocarcinoma of HT-29 cells [15] . Also, Yamamoto et al. [16] have suggested changes in the rate of synthesis and in the degradation of mt-RNA in the process of carcinogenesis which indicate that these changes are responsible for differences in gene levels in neoplastic and normal tissues. Additionally, decreased expressions of 12S/RNR1, COI, COII, and ATP6 transcripts compared to their paired adjacent normal tissues had been previously observed in prostate cancer tissues [17] . However, studies that evaluate mt-RNA transcripts expression levels in primary tissues of colorectal adenopolyps and invasive adenocarcinomas relative to their adjacent normal tissues are currently lacking.
Here, we compared the relative RNA amount of the transcripts of six mt genes (ND1, ND6, CYB, CO1, ATP6, and 12S/MT-RNR1) and complexes I (NADH: ubiquinone oxidoreductase) and III (CoQH2-cytochrome C reductase) in colorectal adenopolyps and adenocarcinomas, to their paired adjacent normal tissues to determine if colorectal tumoral changes leads to differential changes in mt genes expression. We also evaluated whether carbonyl protein content levels were progressively proportional in tumoral stages from colorectal adenopolyps (tubular (TA), tubulovillous (TV), villous (V) to invasive adenocarcinomas.
Materials and methods
Study samples
Forty-two pairs of primary CRC tissues, from patients who underwent surgical resections, were obtained from the Southern Regional Cooperative Human Tissue Network. All studies were implemented under protocols approved by the Institutional Review Boards of Morehouse School of Medicine and the University of Alabama at Birmingham. Tissue samples from patients with familial adenomatous polyposis (FAP), hereditary nonpolyposis syndrome, or inflammatory bowel disease were excluded. The selected tumors including their adjacent normal tissues were from adenopolyps which are comprised of tubular, tubulovillous, villous adenomas, and the invasive carcinomas that were defined as adenocarcinoma stages I-IV not arranged in a tubular, tubulovillous, and/or villous architecture. Of the 42 paired tissue samples, 11 were from African-Americans, 29 were from Caucasians, and two were demographic unknowns. Fourteen of the samples were from men and 28 from women, all with a mean age of 66 years.
Specimens were micro-dissected and adjacent normal tissues were defined as tissues excised from an area at least 5 cm away from the tumors. Tumor samples used in this study were diagnosed and histopathologically staged by pathologists based on the criteria of the American Joint Committee on Cancer. The samples were stabilized by snap-freezing immediately in cryovials and immersed in liquid nitrogen after excision and dissection. All samples were transferred to −80°C for long-term storage, as recommended for measurement of RNA and proteins as previously described [18] .
RNA extraction and quantitative-PCR analysis
Total RNA extraction of tissue samples were performed with RNeasy Mini kits (Qiagen). Briefly, frozen samples were cut on ice and washed with PBS twice before following the manufacturer's protocol. Following tissue homogenization, samples were placed in QIAshredder (Qiagen) columns to reduce viscosity. Purity of the RNA was assessed by 1 % agarose gel electrophoresis and quantified with a Nanodrop ND-2000 spectrophotometer (Nanodrop Technologies, Wilmington, DE). For complementary DNA (cDNA) polymerization, RNA concentrations were adjusted to equal concentrations prior to analysis. Reverse transcription (RT) PCR was performed with iscript cDNA synthesis kits (Bio-Rad) following the manufacturer's instructions, with 500 μg of total RNA as a template and random hexamers as primers. Quantitative PCR was performed in a 480 Light cycler detector (Roche Diagnostics) with a SYBR green I master mix, 10 ng of cDNA, and specific primers designed for the mt transcripts of ND1, ND6, CYB, COI, ATP6, and 12S/RNR1 (Table 1 ). Agarose gel electrophoresis was used to confirm primer specificity by checking for a single product of the expected length for each RT-qPCR transcript. The standard curves were generated for each primer set using serial dilutions of pooled cDNA to standardize variations in PCR reactions. In addition, after each run, melting curves were used to verify the melting temperature of the amplicon. All qPCR reactions were performed in triplicates. Second-derivative maximum analysis was used to calculate the crossing point (Cp) values and the mRNA concentrations. For each gene (Table 1) , the value used for further calculations was the mean of the three replicates for each sample. To normalize against nonspecific variations in real-time PCR, the expression levels of three endogenous reference genes, glyceraldehyde-3-phosphate dehydrogenase (GAPDH), ubiquitin C (UBC), and β-actin (ATCB), in adjacent normal and tumor tissue samples were analyzed. The levels of RNA expression ratios in tumor tissue were based on comparisons of tumors and their adjacent normal tissues.
Western blot analysis
The expression of mitochondria-encoded polypeptides, and complexes I and III was analyzed by SDS-PAGE and Western blot immunoassays. Total protein was isolated with the Mammalian Protein Extraction Reagent (Pierce). Protein samples were resolved on 10 % stain-free SDS-polyacrylamide gels (Bio-Rad). Proteins were transferred to Nitrocellulose membranes, blotted with a complex I and III antibody (Invitrogen), and detected with a Super-Signal® West Pico chemiluminescent substrate (Pierce). Glyceraldehyde-3-phosphate dehydrogenase (Invitrogen) was used as a loading control, and blots were quantified by the relative optical density on the level of band intensity using the NIH ImageJ image analysis program.
Protein carbonyl assay
To determine if the levels of oxidized proteins correlated with the levels of disease-specific mitochondrial gene expression patterns in colorectal adenopolyps, spectrophotometric techniques were used to measure reactive protein carbonyl groups in the samples. Generally, reactive oxygen species (ROS) react with histidine, arginine, lysine, and proline groups in proteins to produce carbonyl groups that react with 2,4-dinitrophenylhydrazine (DNPH), leading to formation of stable dinitrophenylhydrazone adducts [19, 20] . DNPH was used to determine the amounts of reactive protein carbonyl contents in colorectal tissues using a protein carbonyl content assay kits (Sigma). Briefly, DNA-free homogenates of samples (100 μl) were placed in micro-centrifuge tubes, 100 μl of 10 mM DNPH in 2 M HCl was added, and the preparations were incubated at room temperature for 10 min. The hydrazone derivatives were precipitated with 30 μl of 100 % of trichloroacetic acid. The preparations were vortexed, incubated on ice for 5 min, and centrifuged at 13,000g for 2 min. The supernatants were removed, and 500 μl of ice-cold acetone were added to the pellets, which were incubated at −20°C for 5 min and centrifuged for 2 min at 13,000g. The pellets were dissolved in 6 M guanidine hydrochloride and read at optical densities of 370 nm. The absorptions of DNPH (nmol) incorporated as per milligram of proteins were calculated using the Lambert equation and an extinction coefficient 22,000.
Statistical and data analysis
Each experiment was repeated at least three times. Data were shown as means ± s.e.m. and analyzed using Sigma Plot 12.3. Statistical comparisons between groups were analyzed using Student's t test and Kruskal-Wallis one-way analysis test. A value of p < 0.05 was considered to indicate statistical significance. Calculations were made with Microsoft Excel/Access 2010. Charts and graphs were drawn with Microsoft Excel.
Results
Housekeeping gene determination
Three housekeeping genes (GAPDH, ATCB, and UBC) were evaluated to determine the best candidate to normalize each sample category. The three genes have been used as internal normalizers for analysis of gene expression in cancer samples [21, 22] (Fig. 1) . Andersen et al. ranked UBC and GAPDH among the top three normalization genes based on the least amount of systematic error both introduced [23] . Additionally, ATCB was found to have relatively stable expression in CRC samples [22] . Here, we evaluated the RNA levels of all three genes in each of the paired samples. The levels in adenopolyps (TA, TV, and V) and invasive adenocarcinoma tissues were compared to those in adjacent normal tissues. Based on a <5 % difference in median Cp values between the normal and tumor tissues of within the studied groups, GAPDH was determined as the most consistent housekeeping gene in this study. Additionally, the Cp medians of each group were inside 3 % differences of averaged Cp values for all groups.
Mitochondrial gene expression
Expression of mitochondrial genes (ND1, ND6, CYB, COI, 12S/RNR1, and ATP6) was analyzed by quantitative PCR. Each gene was normalized against GAPDH, creating expression ratios as shown in Fig. 2 . The values for each sample were compared with their paired adjacent normal tissue. The expression levels of the mt genes were higher in adenocarcinomas relative to their adjacent normal tissues. The levels of expression in the studied mt gene were lower in tubular adenomas, while the levels of expression were higher in the adenocarcinomas (Fig. 2a-f) . In tubulovillous adenomas when compared with their paired adjacent normal tissues the levels of expression mirrored that of tubular adenomas, except for the mt-encoded ND6 transcripts as shown in Fig. 2b . Colorectal adenoma samples with the villous architecture showed overexpressions of all mt transcripts, with the exception of mt-encoded ND1 (Fig. 2a) . Of the studied mt transcripts, ATP6, COI, and 12S/RNR1 had the highest values of expression when compared with their paired adjacent normal tissues (Fig. 2d-f) . Notably, levels of expression were higher in all the studied mt genes in the late stages of adenocarcinoma (stages III and IV) when compared with early stages of adenopolyp (tubular, tubulovillous, and villous) (Fig. 3) . To assess the level of expression of mitochondria-encoded peptides in complexes I and III, Western blot analyses were used (Fig. 4a) . In comparison to corresponding adjacent normal tissues, the level of complexes I and III was relatively equal in TA but higher in TV, V, and adenocarcinoma stages. Further, analysis revealed that complex I expression was significantly higher in the villous samples when compared to TA, TV, and CA samples (Fig. 4b) .
Carbonyl protein expression
Although this effort focused on the differences between mitochondrial RNA expression and colorectal adenoma tumor stage, the levels of carbonyl protein were also determined using the DNPH spectrophotometer method. Reactive carbonyl proteins formed through reaction with ROS, which are a characteristic of oxidative stress. Carbonyl protein levels were progressively higher from the early colorectal tumor stage of tubular to adenocarcinoma (Fig. 5) , similar to the level of gene expression. Also, the expression patterns were consistent with our previous work using Western blot analysis [24] .
Discussion
Mitochondria are involved in the generation of free radicals, in cell metabolism, and in apoptosis. Alterations in the integrity of mitochondria have been examined in colorectal cell lines and in primary tissues [25] . Sequencing of mtDNA has led to the discovery of mutations in all genes encoded by the mitochondrial genome. Thus, these mutations could be sources of varied expression at both the transcriptional and posttranscriptional levels [17] . Each mt gene we studied has exhibited differential expression in prostate, ovarian, head and neck, thyroid, and breast carcinomas [17, 21, 26, 27] . Here, we evaluated the expression levels of electron transport chain (ETC) subunits in colorectal adenopolyps and invasive adenocarcinomas compared to their adjacent normal tissues.
There were differential expression levels of each subunit as colorectal lesions progressed from polyps to adenocarcinoma. Also, carbonyl proteins were elevated progressively in lesions of tubular adenomas to adenocarcinomas. This suggests that alterations in gene expression could be a product of mtDNA mutations and/or posttranscriptional modification that could influence the progressive stages of colorectal tumors. Previous studies have indicated that deficient Complex I activity leads to the production of ROS [25, [28] [29] [30] ; hence, most subunits of Complex I are encoded by the mitochondria, causing it to become susceptible to defects, such as mtDNA mutations [25, 29] . We observed elevated expression levels of ND1 and ND6 transcripts in villous adenomas and colorectal adenocarcinomas compared to tubular adenoma counterparts. These results are similar to those previously reported by Yamamoto et al. [16] using tissue samples of familial adenomatous polyposis. They found elevated levels of ND1 in CRC metastatic samples and suggested that these levels were due to changing energy requirements of rapidly growing cells. Additionally, a study analyzing the role of ND1 in CRCs found that multiple somatic mutations were present in many of their samples. The authors suggested that these mutations were caused by ROS and also inferred that these mutations could interrupt the oxidative phosphorylation pathway, creating more ROS [29] . Mitochondrial damage mediated by ROS may lead to the inactivation of ETC complexes and thereby alter normal mitochondrial function. In fact, a study had shown that components of the ETC and ATPase are damaged by ROS [31] . The increase in the expression levels of ND1 in the prelesion of colorectal adenopolyps in this study may indicate an association of the accumulation of mutations found in mtDNA as we previously suggested [9] .
Cytochrome b is the only subunit of complex III that is encoded by mtDNA and, like complex I, is an important component of the ETC, which is responsible for the generation of ROS [25, 32] . Dasgupta et al. showed that a 21-bp deletion mutation in mitochondria-encoded cytochrome b genes led to overexpression of the protein and increased generation of ROS that induced significant tumor growth in vitro and in vivo by triggering rapid cell cycle progression through upregulation of the nuclear factor-kappa B2 signaling pathway, using a murine xenograft and human model of bladder cancer [33] . Upregulation of gene expression associated with cytochrome b was found in HT-29 cells of the villous subtype as well as in carcinomas [14, 15] . A study on genomic instability in colorectal adenomas and adenocarcinomas found that nonsynonymous mutations in complex III were more frequent in adenomas and complex 1 mutations were more frequent in adenocarcinomas. This implies that the higher expression levels of mt-cytochrome b in tumors, compared to adjacent normal tissue, are due to mutations that lead to an increase in cell growth [36] . Therefore, the elevated expression of mtcytochrome b that we observed in the villous adenoma could be driving its induction to invasive adenocarcinoma.
Given that MT-ATP6 and MT-COI are genes that code for proteins composing the heavy strand of the mt-genome [17] , differential expression of these two subunits may be a result of posttranscriptional mechanisms, such as the upregulation or downregulation of miRNA expression. In this study, overexpression of MT-ATP6 transcripts that were observed in the villous adenoma and adenocarcinoma samples may be attributed to the higher energy required in rapidly growing colorectal cells transforming from adenopolyps to malignant cells. It has been demonstrated that subunits COI, II, and III of Fig. 2 Differential mitochondria gene expression in paired colorectal adenoma and carcinoma samples. Gene expression profiles of mitochondria encoded ND1 (a), mitochondrial-encoded ND6 (b), mitochondrial-encoded CYB (c), mitochondrial-encoded COI (d), mitochondrial-encoded ATP6 (e), and 12S ribosomal RNA/RNR1 (f) genes analyzed using RT-qPCR. Glyceraldehyde-3-phosphate dehydrogenase was used as a housekeeping gene for all experiments.
Relative gene expression is expressed as the ratio of tumor tissues as compared to their paired adjacent normal tissue. TA tubular adenoma, TV tubulovillous adenoma, V villous adenoma, CA adenocarcinoma. Significant differences between groups compared to cancer with a p value (<0.05) is denoted with an asterisk. Data are presented as mean ± s.e.m.
complex IV are frequently mutated in CRC metastases [35, 36] and the expression of each of these subunits varies in adenomas and adenocarcinomas in respect to the terms of well differentiated vs. moderate or poor cell differentiation [35] . The COI expressions were elevated in well-differentiated tumors and in HT-29 colorectal cells. In contrast, low expression levels of COX were observed in biopsies of human colonic adenocarcinomas relative to adjacent normal tissue [37] . The ATP6 subunit of complex V varied in the expression levels within different tumor types as previously observed in glioblastomas, prostate, and thyroid cancers [31, 35, 38] . Additionally, it has been suggested that mutations in this gene resulted in overexpression of ND2 protein that enhanced ROS production in prostate and head and neck cancers. Thus, changes in these genes via a mutation or by a posttranslational modification could lead to an increase in cell proliferation and/ or to a decrease in apoptosis, as seen in other functional studies [37, 39] .
Interestingly, our Western blot results reveal that the levels of complexes I and III appear to progressively change in tumors and their associated normal adjacent tissues when compared (Fig. 4) . Normally, tissue biochemical transformation (tumor biochemical margins) would be expected to precede the tumor anatomical margins. This usually occurred as a result of molecular features in the histologically normalappearing tissue adjacent to the histological tumor border which may have an increased or decreased protein expression relative to the tumor. The progressive change in the levels of transcripts in mt-Complexes, although not entirely mirrored in normal adjacent associated with tumor samples in this study, may be an indicative of the aberrant cells outside of the tumor margin or infiltrative tumor cells that go undetected by conventional histology [40] . Alternatively, these cells could be benign tumor cells that have already undergone malignant transformation at the molecular level yet to show no phenotypic characteristics of tumor cells. On the other hand, the possibility of cross-talk or secretory interactions between the tumor and the normal adjacent tissue should not be ruled out which could cause signaling pathway of cells outside of the histological margin to express some molecular features characteristic of the tumor [40] .
Additionally, data from this study showed that there were many proteins overexpressed and under-expressed in the intermediate stage of tubulovillous adenomas relative to villous and adenocarcinoma samples. However, those of particular interest are the proteins that showed abnormal patterns outside of the histologically defined tumor margin. For example, mitochondrial proteins in this study were consistently overexpressed in the precancerous stages of tubular and tubulovillous tumors as well as in the histologically normal tissue adjacent to the tumor in complexes I and III (Fig. 4) . Complexes I, II, and III are considered as some of the main sources of ROS production within the mitochondria [39, [41] [42] [43] , and they have subunits that are coded by both mitochondrial and nuclear DNA [34] . Previous studies have indicated that there is an existence of a cross-talk mechanism between nucleus and mitochondria in regulating oxidative phosphorylation [17, 44, 45] . Although, the intermediate stage of tubulovillous adenomas showed more expression of these proteins relative to villous and carcinoma samples by Western blot analysis, there was an inverse relationship between these stages relative to reactive carbonyl protein content levels. A reported study that examined triple-negative breast cancers revealed a similar low expression of complex I and complex III relative to receptor-positive cell lines [34] . Also, a past study with K-ras in the transformed cells of colorectal showed a reduction in the expression of mitochondrial complex I [46] which appeared to occur in one cell of a preexisting small adenoma through clonal expansion, to produce a large and more dysplastic tumor [47] due to impaired assembly in the lack of posttranslational events or alteration of assembly factors [46, 48] .
Since carbonyl protein content may reflect the amount of ROS in cells, complex I and III results in this study suggest an alteration in the ETC chain components that may lead to the disruption of electron transport, causing electron leakage that could result in the generation of ROS. The actual consequence of these deficiencies of complex I-and III-altered expression in the colorectal adenopolyps observed in the present study is unknown. However, larger scale expression profiling studies have identified genes that are differentially expressed between histological subtypes of tumors and premalignant samples [49] [50] [51] [52] . For gastric cancer, this deficiency correlated with the induction of HIF-1α, which in turn leads to ROS production and impairment of chain components [49, 50, 52] .
Prakash and Chandran found that differences in gene expression were much greater in tumors than in asymptomatic benign prostatic hyperplastic tissues adjacent to tumors which is consistent with our colorectal adenopolyps study [53, 54] . These results suggest that normal adjacent appearing tissues around tumors may also undergo tumor-related changes commonly found in tumors themselves and thought to drive their growth. The spread of clonal cell populations over large areas of epithelium appears to be an early part of the developmental pathway of some cancer types [55] . The observed significant changes in the expression levels of some mitochondrial proteins in colorectal tumors relative to adjacent normal tissues, in this study, may be considered to be driver rather than the neutrality of the passenger protein expression changes in that it predicts future tumor development and/or progression [55] .
Conclusion
In summary, we have shown a progressive increase of MT-COI, MT-CYB, MT-ND1, and MT-RNR1 gene expression in colorectal adenomas and adenocarcinomas when compared to their adjacent normal tissues. Additionally, protein analysis using complex I and III antibodies showed similar results of increased expression in tumors compared to adjacent normal tissues. These data suggest that certain mitochondrial gene expression changes could be involved in the progression to malignancy of precursor lesions of colorectal adenopolyps to invasive adenocarcinoma as a result of their high metabolism during the mitotic division given the progressive increase in carbonyl protein contents among the colorectal adenopolyps observed in this study and that carbonyl protein is used as a measurement of oxidative stress in cells; it is tempting to speculate that the increase in ROS production may be critical in the induction of colorectal adenomas to invasive adenocarcinomas. Of course, the results in this study are not sufficient to support a definitive statement that higher ROS production directly correlates with colorectal adenopolyps progression. Nevertheless, we believe that the current study provides essential clues that link functional changes in mitochondrial RNA expression and higher ROS production in colorectal tumors during evolution from benign to malignant lesions.
